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Abstract 
In case of manufacturing miniaturized products with 3D features, micromachining is a suitable technology. By using a five-axis process, it is 
possible to produce complex products with high material removal rates. Further benefits are, for example, higher tool stiffness due to the 
possibility of utilizing tools with shorter cantilever lengths and higher surface qualities, which can be achieved by avoiding cutting with the 
center of the tool when using ball-end milling cutters. A tool inclination can not only be used to avoid the center cut in the five-axis process, but 
also to achieve better cutting conditions. In this paper, the influence of the tool inclination is analyzed for micromilling hardened high-speed 
steel (S6-5-2, 63 HRC). The presented results show the possibility of reducing tool wear and achieving better surface qualities by applying a 
specific tool inclination. This knowledge can be used to generate optimized NC programs for the five-axis micromilling of hardened steels. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the 6th CIRP International Conference on High 
Performance Cutting. 
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1. Introduction 
Manufacturing of complex and functional components for 
modern forming technologies poses new demands on dies and 
molds. Processes like sheet-bulk metal forming, a new 
developed forming process in the Collaborative Research 
Centre Transregio 73 (SFB/TR 73) [1,2], require complex die 
geometries out of high-strength, wear-resistant materials. 
A well-established process for the manufacturing of such 
dies is machining. Due to the small dimensions of form 
elements on the dies, which are needed to form the so-called 
secondary elements like teeth, small tool diameters are 
required. Micromilling of dies, however, is a challenge. In 
order to achieve a reliable and efficient control of the 
micromilling process, an in-depth understanding of the 
process characteristics is necessary. Due to the so called size-
effects, the simple downscaling of process parameters from 
the macro level is strongly limited [3,4,5]. 
For a better understanding of the mechanism in micro 
processes of hardened steels, fundamental investigations were 
carried out [6]. Furthermore, strategies for reliable machining 
of dies of such difficult to machine materials were 
developed [7,8]. These investigations were done for three-axis 
processes. For five-axis machining of high hardness steels, no 
significant results are known. However, five-axis machining 
processes have not only advantages like higher material 
removal rates or usage of tools with shorter cantilever length, 
but are also necessary to machine complex dies. 
In the process planning, tool inclination is usually analyzed
to avoid collision or the cutting with the center of the tool. But 
the inclination of the tool also changes the cutting conditions 
that can have a high influence on the machining results. Such 
an analysis of tool inclinations for micromilling of a Nickel-
Titan alloy was presented in [9,10]. The results showed that a 
significant improvement with regard to the manufactured 
surface quality and tool wear can be achieved by using 
“suitable” inclination angles. 
As tool wear is a big challenge in micromachining of 
hardened steel, each possibility to reduce it should be analyzed 
and evaluated. Motivated by the former results, in this paper 
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fundamental experimental investigations were carried out to 
analyze the influence of the inclination angle in the 
micromilling of hardened high-speed steel (S6-5-2, 63 HRC). 
The focus of the studies is on tool wear and the respective 
surface quality. 
2. Experimental Setup 
2.1. Experimental design 
The experiments were carried out on a five-axis 
micromachining center KERN HSPC 2522 with a spindle 
Precise VSC 4084. This spindle enables an operating range 
from 500 min-1 to 50,000 min-1. The tools were clamped with 
the tool holder HSK-E25 with a precision collet. The tools 
were commercially available cemented-carbide ball-end 
milling cutters with a diameter of d = 1 mm (Fig. 1). 
The workpiece material was hardened high-speed steel 
(S6-5-2, 63 HRC). The wear on the cutting edges was 
analyzed by a scanning electron microscope (SEM), Philips 
XL40 ESEM, with BSE (Back-Scattered Electrons) detector. 
The generated surfaces were investigated by means of a white 
light confocal microscope Nanofocus μsurf. For all 
measurements a cut off of λc = 0.8 mm and a robust Gaussian 
filtering were used. 
Based on the former investigations [10] the values of the 
cutting parameters were chosen (Table 1). The width of cut is 
quite high for the machining with ball-end milling cutters, but 
enables the detailed analysis of each slot. The experiments 
were carried out with oil lubrication. 
2.2. Definition of tool inclination angles 
In this paper, the tool inclination will be defined according 
to the definition of Camacho [11]. He specified the inclination 
of the tool in the feed direction as βf and crosswise as βfn. 
Additionally, he assumed positive inclinations in the direction 
of uncut material and negative otherwise. The angle is 
calculated perpendicular to the workpiece surface (Fig. 2). 
3. Results and Discussions 
3.1. Cutting conditions 
The change of the inclination angle β leads to different 
cutting conditions. As long as the milling process is draw or 
drill cut, the typical surface patterns induced by feed per tooth 
fz can be recognized (Fig. 3, βf = -30°). The case is different, if 
the tool is positioned crosswise to the feed direction. The feed 
per tooth fz cannot be recognized anymore at the workpiece 
surface (Fig. 3, βfn = 30°). The cutting condition changes from 
similar face milling more to peripheral milling. Furthermore, 
in the case of βfn = -30° the cutting process changes from 
down milling to up milling. 
This change is also visible in roughness values Ra 
measured in feed direction (Fig. 4). As expected, the marks 
induced by the feed per tooth cause higher roughness than the 
crosswise inclination. The drill cut possesses the worst 
roughness values. 
 
 
 
 
Fig. 1. SEM image of the experimental tool and its specifications. 
Cemented carbide tool,
TiAlN coating
d = 1 mm, z = 2
Helix angle λ = 0°
Rake angle γ = 0°
Corner radius rε = 0.05 mm
Cutting edge radius rβ ≈ 6 μm1 mm
 
Fig. 2. Definition of the tool inclination [11]. 
+βf-βf -βfn +βfn
ap
ap
ae
ae
vf
vf
Draw cut
In feed direction Crosswise to feed direction
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Table 1. Process parameters 
 
Cutting speed vc = 120 m/min
Width of cut ae = 0.25 mm
Depth of cut ap = 0.05 mm
Feed per tooth fz = 0.025 mm
Strategy
• Parallel
• Down milling
• Oil lubrication
 
Fig. 3. SEM images show a visual appearance of surface by changing 
from βf to βfn. 
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3.2. Tool wear 
In micromilling of hardened tool steels, usually abrasive 
tool wear occurs. In some cases also the coating can flake. The 
coating is very important in the machining of such high 
workpiece hardnesses when using cemented carbide tools. As 
long as the coating is undamaged, the wear increases slowly. 
After the failure of the coating, the abrasive wear increases 
much faster. 
For better qualitative analysis, SEM measurements were 
performed with an additional BSE detector. The BSE analysis 
uses a different contrast in the measurements to visualize 
different material ingredients, which allows an easy and fast 
recognition of coating and substrate. Consequently, the 
coating-free areas are much brighter than the one of the 
TiAlN coating.  
The tool wear is analyzed after a cutting length 
lf = 12.48 m and an entire chip volume Q of 156 mm³. As can 
be seen in Fig. 5, the wear characteristics are different for the 
analyzed inclination angles. It is obvious that at βf = -30° and 
βfn = 30° the coating is flaked. But contrary to the crosswise 
inclination in case of the drill cut, the second cutting edge 
does not gain such a big coating rupture. During the 
inclination into the feed direction, the mechanical loadings in 
the milling process cause a higher rounding of the cutting 
edge. Also the chipping of the cutting edge changes more in 
this case. A wave-shaped cutting edge does result. Fig. 6 
 
Fig 4. Surface roughness of different inclination angles. 
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Fig 6. SEM image: rounded effect on the cutting edge (a); wave-shaped 
cutting edge (b). 
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Fig. 7. Quantitative analysis of the tool wear. 
0
10
20
30
40
50 VB_max
VB_av
W
id
th
 o
f 
w
ea
r 
la
nd
 V
B
mm
Rake face
0
10
20
30
40
50
VB_max
VB_av
W
id
th
 o
f 
w
ea
r 
la
nd
 V
B
Flank face
mm
βf = 30° βf = -30° βfn = 30° βfn = -30°
Inclination angle
βf = 30° βf = -30° βfn = 30° βfn = -30°
Inclination angle
 
Fig. 5. SEM-BSE images of the tool wear. 
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shows these effects more clearly. The images of inclinations 
crosswise to the feed direction show higher wear at the rake 
face, but lower at the flank face.  
For a quantitative analysis, width of wear land VB was 
measured on the flank and rake face. Fig. 7 shows the results 
for the maximum and average VB. Similar to the insight of 
the SEM images the measurements show a divergent 
development of the wear.  
Considering the VB on the flank face, crosswise tool 
positioning to the feed direction seems to have advantages 
regarding the tool wear. However, measurements on the rake 
face show the lowest wear when using the draw cut. 
 
3.3. Influence of tool wear on the surface quality  
Tool wear can lead to worse surface quality and lower 
shape and dimensional accuracy. In the following, the 
discussion is focused on the analysis of the surface quality. 
Fig. 8 demonstrates the measured surface roughness machined 
by the worn tools. Varying βfn results in the lowest values. 
βf = 30° shows the highest roughness which is 123 % higher 
compared to the measurements in Fig. 4. So, in addition, the 
relative changes of the roughness values are shown in Fig. 9. 
They are calculated as the difference between the values 
achieved by a new and the worn cutting edge. The relative 
comparison of 'Ra represents the influence of the wear 
mechanism in each situation. Tool inclination of βf = -30° 
causes hardly a deterioration of the roughness Ra. Although, 
the tool wear is clearly identifiable in the SEM images 
(Fig. 5).  
For a more detailed analysis of the surface quality, Fig. 10 
shows the SEM images of the machined surfaces. Compared 
to Fig. 2, different effects of the tool wear can be recognized. 
For draw and drill cutting, the centers of the slots seem to be 
in a good quality, only some small defects can be detected. 
Whereas, at the edges of the slots, the tool wear leads to a burr 
formation. The burr formation accrues due to the rounding 
effect of the cutting edge. The bigger radius of the cutting 
edge leads to ploughing, although the depth of cut and feed 
per tooth are relatively high. 
In cases of crosswise milling, burr formation can also be 
recognized. Caused by different cutting conditions, the burrs 
have an orientation into or against the feed direction. 
Additionally, the burrs are evenly distributed over the area. 
The visual analysis shows that an interpretation of the 
roughness using the Ra criterion is not sufficient to describe 
the quality differences obtained changing the inclination. For 
further investigations, the parameter Rpk according to DIN EN 
ISO 13565-1 and -2 is analyzed. This parameter describes the 
peak height, thus, the first region of contact on the functional 
surface. The comparison of the Rpk parameters are shown in 
Fig. 11. The Rpk parameters demonstrate much better the 
surface effects seen in the SEM images. The draw and drill 
 
Fig 8. Surface roughness achieved with a worn cutting edge. 
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Fig 9. Surface roughness 'Ra compared between a new and a worn 
cutting edge. 
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Fig. 10. SEM images of machined surfaces under the influence of tool 
wear. 
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cuts result in higher peaks than the tool inclination βfn as long 
as the cutting edge is sharp, but remain more consistent during 
the milling process. Based on the crosswise inclination, the 
peak heights increase, especially in the case of negative βfn, 
which confirmed the visual results of Fig. 10. 
 
3.4. Discussion 
The presented results show that the change of the tool 
inclination has a significant effect on the quality of the surface 
and on the wear mechanism at the cutting edge. 
The inclination crosswise to the feed direction shows much 
better results with regard to the surface quality as long as the 
cutting edges are sharp. The theoretical marks induced by the 
feed per tooth have hardly an influence for this tool 
inclination. But in the case of small feed per tooth, e. g. 
10 μm or less, this tool positioning would lose its advantages. 
With increasing tool wear, using negative βfn is not 
recommended. Caused by the rounding of the cutting edge, 
ploughing effects can result and lead to a high disruptive burr 
formation. Due to the changed cutting condition burrs occur 
over the whole area of the slots and cannot be removed by the 
next cut. 
The best reliability is provided by the drill cut. This tool 
inclination has not the best overall surface quality, but it 
seems to be more robust with respect to the tool wear. Thus, it 
has the lowest Rpk value and an acceptable burr formation 
under worn tool conditions. 
4. Summary and Outlook 
Five-axis micromilling of hardened tool steel is a necessary 
process for manufacturing complex dies, as they are, for 
instance, designed for sheet-bulk metal forming 
(SFB/TR73) [3,4]. In most cases, the main goal when 
designing the process is the avoidance of collisions. In 
addition to this, the inclination of the tool can also have a 
significant influence on the wear mechanism of cutting edges 
and on the surface quality. Adjusting the inclination angle 
during the planning process of five-axis milling programs can 
help to achieve better machining results. 
In this paper, the influence of tool inclinations on wear 
mechanism and surface quality for micromilling high-speed 
steel with a hardness of 63 HRC is analyzed. The results 
confirmed the assumption that a tool inclination has a high 
influence on the process, especially on the surface quality. 
However, for the selection of the tool inclination the specific 
process has to be considered. In processes with high feed rates 
and high requirements on surface quality, the tool inclination 
based on crosswise βfn angles is recommended, as long as the 
tool wear is not too high. In processes with an extensive wear 
and less strict surface requirements, the drill cut positioning is 
suggested. In this case, the results are more robust with 
respect to the tool wear. 
Further research on this topic will include the approach of 
reducing the negative effects of tool wear by spreading out the 
wear mechanism over the whole cutting edge using different 
tool inclination angles [12]. The method will be based on the 
analysis of the tool load in a milling simulation. 
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